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: l.lght scattermg 154 phenomenon Whlch; i
we encounter constantly 1in- our. everyday experience.
It is, therefore, no wonder that it has attracted the -
. attention of thinkers over the course of several cen-
~turies. In fact, it was Leonardo da Vinci who first:

1'attr1buted the blue color of the sky to the mteraetlon :

of light with partlcles ‘present in the atmosphere.
" Light ‘scattering is the cause not only of this blue
colot, but also of the azure hues of a southern sea
o ,a,nd the mysterious illumination inside a glaCLer cave, !
" it is to the scattering of hght that we owe the glowing
“tones that we admire in many a sunset Proba,bly L
~ the earhest relation of light scattering to a blologlca,lxj

‘material ‘is due to Helmholtz who attributed the ‘

' magnetism of a pair of blue eyes to nothing other than =~
: asecondary reflection of the same phenomenon.. .~~~

While the discussion of phenomena due to hght
_ sca,ttermg has a history of several centuries, it is close .
10,100 years ago that the rigorous examination of
electromagnetlc scattering - started, when Tyndall -
;- (1) in 1869 reported on experiments in which he related
~ the intensity of scattered light to partlcles suspended -

“Jdn the atmosphere. Shortly after, in 1871, Lord -
- Rayleigh (2) published his first paper on what was to

- establish the classical theory of light scattering. The
century that followed saw an ever-increasingly de-
~ tailed development of the theory and measuring
techniques, with the result that today light scattermg»

and small angle X-ray scattering have become powerful

‘tools for the determination of molecular weights and =~ -
- structures ‘of macromolecules as well as for studies

“of ‘'the thermodynamlc and geometric aspects of their -
* interactions. In this paper, a brief presentation of the
- development of the basic phenomena of light scattering
. ‘and X-ray . scattering, as applied to large molecules
. in solutlon, will be followed by an analysns of how these
' yarious developments have participated in the growth
* of the rapidly advancing field of biological macromole-
: .'cules. It should be pointed out that, while hlstorlcally“
~_many of the developments in hght scattering and
_small: angle: X-ray scattering have been 1ndependent‘
“of each other, basically the two phenomena are iden- -
tical and what applies to one will, in most cases, a,pply .

the other. - The basic dlfference between ' tk
is, the,wave length of the radlatlon used (ca. 1.5

X-ray scattering, ca. 400' 7A in: hght scatte mg~)
ult, the molecular-di erisions examined by th

* Figure 1. Schemaﬂc representahon of th
" of rudlcmon by an electron. =

‘tered mtensﬂ;y, I,, is* glv
,Raylelgh equatlon (2), '
S equatlon (1) T e

: y;true for Iarge molec
’,myosm 1n hght sca,ttermg,’
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re 2 Scoﬂ mg of rudluhon from a body which is not small compured

rekpoints of observohon in the forward and backward direction, respec-
ly.. . i . . :

"Scoﬂering envelope, i.e., ungular dlstnbuhon of scattering in-
tenslty from a porticle suﬁu:lently large to produce internal |nterference

) In suspens1on or solution, however
the partlcles are in constant motion, so that they as-
ume - all 'fposs1ble orientations. as a time average
n 1915 Deb; (3) showed that the angular dependence
of ;the cattering from a partlcle of any shape, averaged
Ver all orien “atlons 1s glven by g .

2/>\ sin 0/2

§ From thlSy equatlon the angular ‘de-
endence of the scat

where z(s) is the scattered - mtensrcy at angle 0 cor-
'i,respondlng to a given value of s; and 1(0) is the in-
~ tensity extrapolated to zero angle

line, the slope of which is */sr%(Rg)% o
i(0), is found to be proportional to the square of the
“molecular weight.

e wavelength. A ond B are individual scattering elements; P and Q

811121r$7‘AB g* .
Nazz e

is replaced by (On/dCs),, where n is the refract
~index. -
S electron densﬂ;‘ .

ion,? P,;. Expandmg equatlon (3), Gumler found
hat for small values of the product B s,

~i(s) = i(0)exp (— 4/37r’(Ra)23’)

Thus, -at very
low angles, a plot-of log z(s) versus s? gives a straight

While the Rayleigh equation (equation (2)) Was>

derived for dilute gases, its use can be extended easily - A
In a dilute gas all

to pure liquids and solutions.
particles can be regarded as entirely independent of

- each other and in random orientation and location.
In the condensed phase, a certain amount of ordering

exists; this ordering results in strong interference
between the scattering from individual molecules.
In a liquid, however, the molecules are in constant
motion, so that the local density within a small volume

_element, 6V, fluctuates constantly. In the case of a
~solution, similar fluctuations exist in the local con-
- centration of - the solute.
responsible for the scattering by pure liquids and
Smoluchowski (8), Einstein (9), and Gans

- (10) examined this problem more than 50 years ago,

"These fluctuations are
solutions.

but it was not until 1944 that a detailed theory of

‘solution scattering, taking virial concentration effects

into account, became available when Debye (11, 12)
showed ’ohat light scattermg in solution was closely '
related to osmotic pressure. : :

f

Flgure 4. Schematic represenfaﬁon of an instantaneous eleclron denslfy
distribution of d scattering medium. pg is the average density; p1 and p2

. are the densities of two volume elements, hlgher and lower than pu, as a‘re-

sult of fluctuations.

In this case, both solvent and solute molecules scatter =
the radiation. The scattering is done by electrons
and is proportional to their number; then, if the solute

‘has a different electron density (number of electrons

per unit volume) from the solvent, its introduction

increases the amount of the scattermg The resultant -
- excess scattering (Ai, = 4, (solution) —

i, (solvent))
is glven for X-rays by: s

= K ao) SVAGEPG)  (5)

- where K" is a constant involving normahzatlon

factors, p is the electron density of the solution, 02 1s'

5 the solute concentration.and AC,? is the time average-
of the- square of the concentration fluctuations. In

the case of - light scattering, (00/3C5) . » in equatlon (5)

Since the refractlve 1ndex isa functlon of h

The intercept, -




fore, a measurement of the efraetlve index e
_ment in the case of hght scattering, and a calculatic
- (from chemical composmon) of the eléctron dens1ty
~+_increment in X—ray scattering, together with a mea- :
. surement of A7, glve the value of 5VACz But_.- T
~ gince

'va6?= _kTCJi , LJ,“,~'
? au.,> g L)
it follows that ’

K:(E"’_)’Oz = K}/ Eﬂ)a 02"— [ 122 Cz bﬂz]
t oC:/ AU(0) oC:/ Ai(0) Mg,P(o) RT oCe |
* light scattering  small angle x-ray . o

scattering A

defined by

C; means a predominance of repulsive forces' between

the polymer molecules; a negative value, to the con-

trary, means a net polymer-polymer attraction.

Equation (7) is perfectly rigorous for a two-com- "
" ponent system (such as protein, component 2, dis-
solved in water, component 0). However, when" more :

components are present, such as is usual]y the case

“in aqueous solutions of biopolymers which are dis- -
‘solved in a medium containing supporting electrolyte

(component 1), the extrapolation to zero concentra-

- tion is no longer a simple function- of the macromo—')

~ lecular molecular weight, but contains also a contrlbu-, _
‘tion from ‘the interaction of - components 1 “and 2.

This was first pointed out by Debye and ‘co-workers

Stockmayer (1 6)

: f:howev’er
4 man. (17) in 1955

: R e )
where % is Boltzmann’s constant, 7' is the thermody-
namic temperature V, is the partial specific ‘volume -
~of the solvent, ug is its chemical potential, M, is the
~ molecular Welght of the solute; K’ and K’/ are optical
and normalization constants for light scattering andg :
‘small angle X-ray scattering; respectively, and u® =
" RT log 7. is the excess chemlcal potential of the solute P

E mques on an abso]ute inter
~ plication _to biological ;
 (19) and Luzzati et al.. (20, .

: have made\ poss1b1e the dlrect

'm-Rm%d+m+m(m»,j S ®

~ We see that both scattering techniques can give us
~ the molecular weight of the solute, the deviation from
ideality of its solution (through ) and its geometry,
" through P(6). A positive value of the coefficient of -

.’,,X-raﬁy scattermg are complem nt;
\resent a eontxnuous mamfesta‘

~ preferable to use hght sca,ttermg 1
tion range (down to 10 mg/l)
‘scattering above 10 g/l. In

, scatterlng, 10—1000 A for sm 11 angle

(18) in 1946, and a rigorous thermodynamic treat- -
~‘ment’ was developed shortly thereafter by Brlnkmanf’

and Hermans (14), Kirkwood and Goldberg (15),
: For a three component system,k

, scattermg go back abou

: ’T:h‘ese':' are
5 o‘f :

studles the two. can be used togetv

different orders of magmt ide; ab

Measurements of prote




\' function of the _concentration. In this case, the
scattering becomes a function of the square root of
 protein concentra,tlon' , ,

K’-(lz-= -—(1 —,-0,1021/2"" aan-l- e

‘where the Ilmltmg slope, al, is proportlonal to’ (Z22)1’2/ o

: _‘M21/2 ~ Thus, light scattering can give a measure of
Z This quantity is related to the acid-base titration

curve of the protein ]& =
_in solution (41). In a. series of papers, ‘Timasheff,
‘Dintzis, Ki kwood, Coleman, and. Tinoco 42, 43)5‘

(195560 have verlﬁed equation (9), measured Ve
~ and further developed the theory of the second v1r1al i

fcoeﬁic1ent of an 1somn1c protem (44) fory

TETRAMERIZATION OF B LACTOGLOBULIN A
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PROTEIN CONCENTRATION, GRAMS/L’TER

: Flgure 6. Sccmering data on. B-loctoglobulin A at 45°C; pH 65’0. ;
* ionic “strength acetate ‘buffer (conditions of maximal - tetramerizatio

* Filled circles: light scuﬂermg {ref. 50); open circles: small angle X-ray scat-

: tering (ref 36). For.comparison the light seattering -data on. ﬁ-lactoglob
hn Bat 25 C (no aggregaﬁon) are shown by the dashed hne

epen enc of the act1v1ty coefﬁclent
: state of aggregation of a macromolecule has perr
tudles on. Sp! mﬁc aggregatlon reactlons and

0) and to its: dlelectrlc mcrement -



‘When - the - macromolecules are dlssolved in th 1
‘presence of: supportlng electrolyte, it becomes necessary
to use the three-component theory: (equatlon (9)) in the
‘data analys1s. For this, 1ndependent knowledge  of

, ;protem-small ion and small ion-small ion mteractwns* :
is required. In the last two. years, the Stockmayer- -
Klrkwood-Goldberg ‘multicomponent theory has been
extended (61), showing that the extra interaction.
.measurements can'be avoided in light scattenng if the
solut1on is first dlalyzed against the solute contammgf
~ the third component and the: refractlve increment and |
‘excess scattering 1ntens1ty are measured against the | =
- dialysate. In such ~cases, equation (9) redutes to :
equation (7). Whlle simplifying the s1tuat1on when‘
“component, 1 is- dlalyza,ble, this approach does not pre- |
‘clude the rigorous use of equation (9) when this com- |
ponent is also nond1alyzable (62), for- exa.mple m the. :

- case of protein-protein interactions. : e

‘A further very important source of mformatlon is "j
the slope (second wvirial coefficient) of ‘the sca,ttermg
* function as a function of concentration. ~If supportmgj~

: electrolyte is present the problem has. been treated in

1959 by Stigter and Hill (53) who used the cluster |
theory of Mchllan and Mayer (54). Since frequently | -
it is necessary to work without extrapolatlon to zero | -

Ly ‘concentratmn, knowledge of the contnbutmn of virial | = :Z:IIFSW S(gafﬁl SOf riﬁg;?n;g::;ﬂe

effects to scattering becomes necessary.  For a globular‘ e idusohek; ang Holtz e‘r ®), it

polyelectrolyte, such as a protem the electrostatic con- 2.

< “tribution to the coeﬂ”lclent of Cp.in. equatlon (7) or (9) :

can be calculated using the method of Strgter and Hlll
(53) er the essentmlly equlvalent form (55) ~

) - . T -G el
RT 3C;) = M, P —\ DRET 1+Ka §

71rNb

be used to a,dvantage m the charecte z

~ here. In applying the Zimm ‘equatio
be emphas1zed that its vahd1ty

R*dR +

(12); o

- the dlstance from the center of a g1ven molecule D"* .
the d1e1ectrlc. "constant b the radlus of the proteln,.? -




) have descrxbed the results of a careful
i aminations of this problem with

sions (67).  Both types of helices have
d in the b1refr1ngence and optical rotation
1spersmn experunents of Tmoco and Yamaoka (77, )-

- scattenng technlques have led to the
of the structures of a number of other bio-

n rubber (70) ﬁt best the geometry of
hains. ‘Luzzati and co-workers (66) have
‘ study of the amd expansmn of bovme

. last case, hght scattermg and smal]
attermg measurements on the same

e 1n" the theory or 1nstrumentat10n of hght
nd Smalf angle X ray scattermg has been followed by a
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